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Introduction

Condensation heat transfer is significant in many
applications such as such as desalination, energy conversion [1], atmospheric water harvesting [2, 3], electronics cooling, and other high heat flux applications
[4]. However, condensate on the surface adds a thermal
resistance that limits condensation rates. The rate of
condensation heat transfer is inversely proportional to
the diameter of the condensate drops [5]. In industrial
condensing systems, the resistance is minimized by removing the condensate via gravity or a vapor shear, but
the minimum size of droplet removal is typically on the
order of the capillary length of the condensate, about
2.7 mm for water.
Properly designed superhydrophobic surfaces have
been shown to promote the removal of condensate at
sizes significantly below the capillary length due to the
low contact angle hysteresis and coalescence-induced
jumping of condensate drops. With the removal of condensate drops due to coalescence-induced jumping, the
maximum droplet diameter can be reduced by 1 to 3
orders of magnitude [6, 7]. The potential for superhydrophobic surfaces to significantly impact condensation
heat transfer has promoted a great deal of exploratory
research regarding the fundamental behavior of condensing droplets on superhydrophobic surfaces. Several works have quantified metrics which indirectly indicate the relative rate of heat transfer on a surface, such
as maximum droplet diameter, drop size distribution,
and individual droplet growth rates. Additionally, several models for condensation on superhydrophobic surfaces have been developed [8–10]. However, only a few
works have experimentally measured the heat transfer
directly [11–13]. Their primary focus was on the heat
transfer enhancement that could be achieved with su-

perhydrophbic surfaces relative to traditional surfaces,
but in each case only a single type of superhydrophobic
surface was tested, and no comparison between different types of superhydrophobic surfaces has been performed. The objective of this work is to develop a
method for performing full-field optical-based heat flux
measurements in order to more directly measure the
rate of heat transfer, allowing more direct comparison
of heat transfer performance under varying condensing
conditions and surface designs.

2 Background
2.1 Superhydrophobic Surfaces
A superhydrophobic surface has a solid-liquid contact angle (CA) greater than 150◦ [14], as shown in Figure 1, and contact angle hysteresis less than 10◦ . Contact angle hysteresis is the difference between the advancing and receding contact angles, and is an indicator of droplet mobility. Advancing and receding angles
are the maximum and minimum contact angles a drop
ever experiences, such as when volume is being slowly
added or removed from a static droplet. Another metric
for describing droplet mobility is the sliding angle, or
the minimum angle at which a surface can be inclined
before a drop placed on the surface will slide off.
Superhydrophobic surfaces are created by adding
micro- or nano-structured features and then changing
the surface chemistry to be hydrophobic. This is commonly accomplished by adding a hydrophobic coating.
A wide variety of methods exist for creating a rough
surface topography and coating. When a static droplet
is sitting on top of a superhydrophobic surface, surface
tension can prevent the liquid from penetrating into the
cavities, creating a layer of air between the solid and
liquid surfaces, as shown in Figure 2. In this case, the
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The solid-liquid contact angle determines the hydrophobicity

of a surface. Hydrophilic surfaces have a contact angle less than
90◦ , while hydrophobic surfaces have contact angles greater than
90◦ . Superhydrophobic surfaces have a solid-liquid contact angle of
greater than 150◦ .

droplet is said to be in a non-wetting, or Cassie state. If
the pressure in the liquid is too high, it will dominate
over surface tension and liquid will enter the cavities;
the surface is then said to be in a wetting, or Wenzel
state. The threshold for the pressure required for the
liquid to wet a superhydrophobic surface is traditionally given by the Laplace pressure, given by the YoungLaplace Equation:

∆P = Pwater − Pair = γ(

1
1
+ )
R1 R2

(1)

where γ is the surface tension, R1 and R2 are the surface
radii of curvature. For superhydrophobic microribs, this
becomes
∆P = −

2γcos(θ)
wc

(2)

where θ is the contact angle for a droplet on a smooth
surface of equivalent surface chemistry, and wc is the
width of the cavity between the ribs.

Fig. 2.

When in a Wenzel sate, the liquid fills the spaces between

the cavities, as shown on left. When in a non-wetting, or Cassie state,
the liquid only touches the solid at a fraction of the surface, as shown
on right.

Condensation on Superhydrophobic Surfaces
Initial investigations of condensation on superhydrophobic surfaces under static conditions found
that the nucleation sites for condensation were evenly
spread over the entire surface. As a result, a significant percentage of the initial condensate drops formed
within the cavities, resulting in an irreversible wetted,
or Wenzel state [15–22]. However, when Chen et al.
[23] showed that drops can transition into the Cassie
state when the surface has nano-scale roughness, interest in condensation on superhydrophobic surfaces was
renewed. Boreyko and Chen [6] later showed that under certain conditions, condensate droplets can spontaneously jump from the surface due to the release of surface energy during coalescence. Transitioning from a
wetted to non-wetted state for surfaces with nano-scale
and two-tiered (micro- and nano-scale) roughness has
been observed by other investigators [6, 24–28], and
several models were developed that showed the potential of superhydrophobic surfaces to significantly impact the heat transfer [9,29]. Rykaczewski [30] showed
that condensate droplets do not grow with a constant
contact angle, but rather grow in a stick-and-slip motion, alternating between constant contact angle and
constant base area. Enright et al. [31] developed a
model to predict whether a drop will be in the Cassie or
Wenzel state. Though additional research needs to be
done, superhydrophobic surfaces have exhibited great
promise in their potential to improve heat transfer on
condensing superhydrophobic surfaces.
It is well known that the majority of the heat
transfer that occurs during condensation takes place in
droplets smaller than 10 microns in diameter [32], and
that droplets larger than 10 microns mainly grow by coalescence with other drops [30]. With the increased mobility of droplets in the Cassie state and the potential for
spontaneous jumping, superhydrophobic surfaces offer
the potential removal of droplets much smaller than
those that can be removed by gravity alone (typically
around the capillary length, about 2.7 mm for water)
[5]. Miljkovic et al. [33] used the morphology model
from Enright et al. [31], along with a model regarding
droplet growth and coalescence, to predict the improvement in heat transfer associated with condensation on a
superhydrophobic surface. Miljkovic et al. [9] demonstrated a 56% increase in heat flux for partially wetting droplets on superhydrophobic surfaces relative to a
smooth hydrophobic surface. Miljkovic et al. [11] measured heat transfer on a surface which exhibited spontaneous jumping droplet behavior, which resulted in a
25% higher heat flux relative to hydrophobic surfaces at

3

STEVENS
supersaturations less than 1.12. Superhydrophobic surfaces have been shown to offer real potential for more
efficient heat transfer.

3 Methods
3.1 Surface Manufacture
Surfaces with nano-scale roughness are necessary
for condensate to transition to a non-wetting, or Cassie
state. Droplets in the Wenzel state are highly pinned,
and are not expected to perform any better than classical surfaces, and may even perform worse. A variety of methods for creating surfaces which support
condensate in a Cassie state exist [34], but most techniques offer limited control over the nano-structure. For
this work, a two-tiered surface was created by etching a regular microstructure consisting of a square array of pillars into a silicon wafer as described in [35]
using standard photolithographic techniques and Deep
Reactive-Ion Etching (DRIE). The diameter of the pillars was 6.25 microns and the center-to-center spacing between neighboring pillars was 16 microns so that
the solid fraction, or area ratio between the top of the
pillars and the projected surface was 12%. To create
the nanostructure, the entire surface was then coated
with iron, and carbon-infiltrated carbon nanotubes (CICNTs) were grown on the entire surface as described
in [36, 37], both on top of the posts and down within
the cavities. An SEM image of the surface is shown
in Figure 3. The surface was functionalized by vacuum
baking at 250◦ C for approximately 3 hours as described
in [38]. The resulting surface had a static contact angle of approximately 165◦ and sliding angle of less than
1◦ . Carbon-infiltrated carbon nanotubes offer control
over the nanostructure by depositing a layer of amorphous carbon on the carbon nanotubes, changing the
thickness of the nanostructure [36,39,40]. Furthermore,
by rendering the native carbon surface hydrophbobic,
no additional chemical coating is required, creating a
surface that is relatively robust compared with many of
the polymer or self-assembled monolayer coatings typically used.
3.2

Condensation Setup
A condensation chamber was constructed of transparent acrylic. Inside the chamber air was bubbled
through an open container of deionized water and a
small fan helped accelerate evaporation, maintaining
the relative humidity inside close to 70%. The superhydrophobic surface was clamped to a peltier plate with
Omegatherm thermal paste at the interface to minimize

Fig. 3.

An SEM image of the surface. Pillars (h=15 microns) are

etched into a silicon surface, and carbon nanotubes are grown on
top of the pillars. The carbon nanotubes on top of the pillars extend
above the carbon nanotubes which nearly fills the cavities between
the pillars.

the thermal resistance. The warm side of the peltier
plate was attached to a heat sink in order to decrease
the temperature achievable on the cold side. The surface was oriented vertically so that drops jumping off
the surface would not return to the surface. Condensation was initiated when the condensing surface was
cooled below the dew point temperature with the peltier
cooler. The surface was observed using an optical microscope (Keyence VH-Z50L/W) attached to an SLR
camera (Nikon D5200), and videos of the condensation
were recorded at approximately 30 frames per second.
The surface was illuminated using a ring light attached
to the microscope lens. Once the condensation reached
steady state, video was recorded.
3.3

Heat Transfer Measurement
A variety of approaches for studying condensation
on superhydrophobic surfaces have been used and have
provided valuable insight regarding droplet nucleation,
growth, coalescence, and departure. Experiments performed in an ESEM provide detailed information regarding individual droplet nucleation and growth and
have expanded to our understanding of droplet behavior. However, even with the recent significant advances
in ESEM imaging, beam heating effects and temporal resolution limitations continue to be a challenge,
besides the fact that the ESEM does not allow direct
macroscopic heat transfer measurements. Thermocouple measurements can provide an overall heat flux, but
are difficult to implement with high levels of accuracy.
Optical microscopes lack the magnification capabilities
of the ESEM, but provide full-field measurements re-
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garding drop spatial and size distribution. However,
due to the difficulty of building a chamber capable of removing the non-condensable gases (NCG), most optical
microscope measurements are performed in the presence of NCG, which dramatically inhibits condensation
rates and behavior. Olceroglu et al. [12] used an optical microscope to measure the volume of condensate
produced, as a measure of the latent energy transfer.
They used this information to obtain a heat flux with
an uncertainty of +/ − 2W /m2 , which is considerably
smaller than that typically achievable using thermocouple based measurements. A similar approach was implemented in this work using a custom MATLAB code.

Fig. 4.

dius) of all of the drops of condensate within the field
of view of the camera. The volume is used to calculate
the latent energy on the surface, as well as the latent
energy of the drops which have departed the surface
via coalescence-induced jumping. During steady state
condensation, the latent energy of the drops on the surface remains relatively constant, and the heat flux can
be estimated from the volume of drops which depart
the surface. For the surface tested, the jumping did not
occur for drops smaller than 10 microns. By tracking
the growth of each droplet through time, metrics such
as nucleation density and drop size distribution can be
compared with the macroscopic heat transfer estimation. Furthermore, a wealth of information regarding
individual droplet growth rates and departure diameter
were collected.

A single frame of the video with all of the drops detected

in that frame. The regular array of dots in the background are the
tops of the silicon pillars, which are spaced 16 microns apart. Drops
Fig. 5.

overlapping the edge of the field of view were not tracked.

On the first frame of the video, the location and radius of each of the drops of condensate is found using a
Hough Transform. The code then tracks the growth of
each droplet in the first frame through time until the
drop coalesces with a neighboring drop or the video
ends. On subsequent frames, additional drops that form
are detected and similarly tracked through time. Figure
4 shows one frame of the video with all of the drops
detected in that frame. The regular array of lighter
spots in the background are the tops of the silicon pillars, which are spaced 16 microns apart. Drops overlapping the edge of the field of view were not tracked.
Since the radius of the drops is larger than 10 microns,
the drops should be growing in constant contact angle
mode [12, 41]. Therefore, a contact angle of 165 ◦ is
used to calculate the volume (based on the detected ra-

4

Latent energy as a function of time.

Results and Discussion
At a magnification of 500X, the resolution of the
imaging system was 0.86 microns per pixel. For an example case study, a 585 X 648 micron widow was analyzed for 900 seconds. The latent energy of the drops on
the surface and the cumulative latent energy of the departed drops is shown in Figure 5. Due to the difficulty
of differentiating between drops that jumped and those
that simply coalesced with neighboring drops, an upper
and lower bound is reported for the departed droplet latent energy. The heat transfer rate was calculated from a
linear fit to the latent energy as a function of time, as indicated by the dotted line, and the average heat flux was
calculated by dividing by the area of the field of view,
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resulting in a heat flux of 53-79 W /m2 , corresponding
to the upper and lower limits of the estimation of the
departed drop energy. The low heat flux is due to the
presence of non-condensable gases in the condensing
chamber, and is comparable with that reported by Olceroglu et al. [12].

Fig. 6.

Drop density as a function of time.

Drop density as a function of time is shown in Figure 6, and remained relatively constant, around 1.7 X
108 m−2 over the course of the video. This is slightly
lower than the total reported by Olceroglu et al. [12],
who reported steady state nucleation densities of approximately 1 X 109 to 3 X 109 , depending on the degree of subcooling and ramp rate. However, they were
measuring nucleation densities for drops with a radius
as small as 1.25 microns, whereas the present study
only tracked drops larger than 10 microns in radius.
Olceroglu et al. [12] reported a steady state nucleation
density of approximately 1 X 108 m−2 for drops 10-15
microns in radius, and approximately 8 X 107 m−2 for
drops larger than 15 microns, which is comparable with
the nucleation density in the present work of 1.7 X 108
for drops larger than 10 microns in radius.
In addition to full-field measurements, the present
approach tracks the growth of individual droplets and
determines what happens to the drop if it coalesces with
a neighboring drop. As an example, cases where two
drops coalesce and depart the surface and where two
drops coalesce and do not depart are shown in Figure
7. Two drops, labeled 1 and 4, are tracked through time
until they coalesce and depart from the surface. Drops
20 and 183 are tracked through time until they coalesce,
when Drop 20 rapidly increases in radius. From this,
detailed information regarding individual and average
drop growth rates, average, range, and distribution of

Fig. 7.

Drop density as a function of time.

drop size and departure radius, as well as percentage
of coalescence events that result in jumping can be calculated continuously throughout time for an entire field
encompassing hundreds to thousands of droplets, rather
than for a few droplets or at a few discrete points in
time. Such information will provide insight into the link
between easily and frequently reported metrics, such
the distribution of drop size and macroscopic heat transfer rates, whereas now the correlation is only speculative. It will provide data which can be used in models
for condensation and provide insight into why and how
various condensing conditions and surface designs affect overall heat transfer rates, as opposed to the more
heuristic approach necessitated if only the overall heat
flux is known.

5

Conclusion
A two-tiered surface superhydrophobic surface
which offered control over both the micro- and nano-
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structure was manufactured and rendered hydrophobic.
A framework for providing detailed information regarding individual drop growth and behavior during condensation, as well as macroscopic full field heat transfer measurements was developed and demonstrated.
Results were compared with a similar approach used
by Olceroglu et al. [12]. Their work, performed in
the presence of NCG, demonstrated the dependence
of steady state heat flux on nucleation density, which
they showed to be dependent on not only the degree
of subcooling, but also the rate of subcooling during
the initiation of condensation when in the presence of
NCG. This important contribution further highlights the
importance of performing condensation experiments in
the absence of NCG. Though demonstrated on a condensing system in the presence of NCG, the present approach is compatible with condensing systems with no
NCG, and future work will be performed inside a vacuum system where the NCG have been removed. Future
work will also include exploration of how changing the
nanostruture by controlling the thickness of the carbon
nanotubes influences overall heat transfer rates.
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